Hypoxia and ischemia are major factors in the pathogenesis hydrogen peroxide can release metal ions (i.e. iron) from its of brain injury after birth asphyxia (1, 2). More recently it has binding proteins (i.e. ferritine) (9, 10). This non-protein-bound been recognized that the reperfusion and reoxygenation phase iron is a powerful prooxidant and converts hydrogen peroxide in to the very toxic hydroxyl l'adical (11) . Recent in vitro and in the immediate post-HI period also contributes to the mech anism of this so-called reperfusion damage: HI "primes" the in vivo studies suggest that inhibition o f nitric oxide production perinatal brain to respond with an excess production o f reactive during the immediate post-HI period prevents free radicaloxygen species such as superoxide and hydrogen peroxide at mediated reperfusion injury to brain tissue (8, (12) (13) (14) . reperfusion and reoxygenation (3 -6 ). There is increasing evi-W e investigated in newborn lambs, which underwent a dence that superoxide and calcium-induced production of nitric severe HI insult, whether inhibition o f nitric oxide production oxide in neuronal and endothelial cells, both produced in with an analog o f L-arginine (the precursor o f nitric oxide), excess when oxygen is readmitted to the brain during the N l a , in the immediate post-HI period, decreases (pro)oxidant reperfusion phase, can react to form highly cytotoxic oxidants activity. Because it had previously been suggested that low (6 -8 ). Moreover, this excessive production of nitric oxide and c[ose rather than high dose nitric oxide synthase inhibition resulted in less brain damage ( would diminish production o f prooxidants and consumption of anti oxidants, and thus limit lipid peroxidation.
15-17), the treatment group was ------------------------------------------------------------------------------------divided in a low

M ETH O D S
Animal preparation. Surgical and experimental procedures used were reviewed and approved by the Committee on Ani mal Experiments at the University of Leiden and the Scientific Board of the Department of Pediatrics.
Eighteen newborn Jambs with weights ranging from 3.5 to 5.3 kg (median 4.7 kg) and ages ranging from 2 to 11 d (median 7 d) were studied. General anesthesia was induced with ketamine hydrochloride (3 mg/kg i.v.) and supplemented by xylazine (1 mg/kg i.m.). In addition, local anesthesia was accomplished with 1% lidocaine hydrochloride before each skin incision. During the actual study, the wounds were sprayed with 1% lidocaine at regular intervals. After intuba tion, the lambs were ventilated with oxygen and air using a pressure-regulated ventilator, which was adjusted to maintain arterial Po2 and Pco2 in the normal range. Pancuronium (0.2 mg/kg i.v.) was administered for muscle relaxation. The ani mals were nursed on a heating pad to maintain normal body temperature. An i.v. infusion o f 5% glucose in 0.9% NaCl was maintained throughout the study at about 15 mL/kg/h. N aH C 03 was administered if the arterial pH was lower than 7.30 with a base excess of > 5 mmol/L.
Into the right and left femoral arteries and veins 5 or 6 Fr self-sealing sheaths were placed using a percutaneous tech nique. Into the left femoral artery a 5 Fr micro manometer catheter (Millar Instruments, Houston, TX) was advanced into the descending thoracic aorta for continuous measurement of instantaneous mean aortic pressure. The right femoral artery was used for sampling o f arterial gases and pH. Both femoral venous catheters were used for blood withdrawal and reperfu sion, and for infusion o f drugs. V ia the right jugular vein a 4 Fr catheter was advanced retrogradely toward the head and posi tioned in the internal maxillary vein, into which the cerebral sinuses drain (19) . Blood from this vessel was used to sample venous blood effluent from the brain to determine the redox status. After the carotid arteries in the neck were exposed, appropriately sized transonic flow transducers (Transonic Sys tems Inc., Ithaca, NY) were applied to fit around the vessels to measure carotid artery blood flow (mL/min) for assessment of changes in actual brain blood flow (20) . This was done to be sure that there was indeed cerebral ischemia during the HI insult (see also "Experimental Protocol" below).
Physiologic measurements. Arterial blood gases and pH were measured using a Coming 178 pH/blood gas analyzer (Corning, Halstead, UK). Blood gases, pH, and Hb were determined at regular intervals and adjusted if necessary. In stantaneous aortic pressure and ECG were continuously dis played on a memory oscilloscope (Gould OS 4100, Hainault, UK), digitized with a sample frequency of 200 Hz, and stored on hard disk using a personal computer.
Measurement o f pro oxidant activity, antioxidant capacity and lipid peroxidation. Blood was collected into heparinized glass tubes and immediately centrifuged (750 g, 10 min); the plasma was stored under argon at -70°C until analysis. Plasma samples that showed pink discoloration (hemolysis) were ex cluded from the study. Non-protein-bound iron, a prooxidant, was measured using the bleomycin assay (2 1 ). Using this assay, the absence o f non-protein-bound iron, i.e. the presence o f iron binding capacity, can be measured as well as the presence of non-protein-bound iron, i.e. the lack of iron bind ing capacity due to saturation or dysfunction of transferrin (22) . If non-protein-bound iron is present, the lower detection limit is 0.6 /xM. The glass tubes used to collect the blood did not contain detectable amounts of iron. The intra-and interas say coefficients of variation of the bleomycin assay were 6.6 and 7.4%, respectively. HPLC techniques were used to determine the following anti oxidants: reduced and oxidized ascorbic acid (ascorbic acid and dehydroascorbic acid, respectively) (23), uric acid and its oxidation product allantoin (24), and a-tocopherol and retinol (25) . Plasma sulfhydryl content was determined spectrophotometrically (25). The lipid peroxidation product malondialdehyde was measured using high performance liquid chromatog raphy (26) .
Experimental protocol After completion of the surgical preparation, the lambs were allowed to achieve hemodynamic stability and wash out their ketamine, to exclude an effect of ketamine on the brain (27) . The period between ketamine medication and the start of the experiment was always at least 3 h. The skin incisions were sprayed with 1% lidocaine at regular* intervals. After having reached steady state (MABP, heart rate), blood samples were taken from the jugular vein catheter to determine the various indicators of the redox status, from the aorta to determine the arterial blood gases and pH, and from the femoral vein to determine the Hb, before and at 15, 60, 120, and 180 min after the HI insult. An additional arterial blood sample was taken at 2 min after completion of the HI insult to determine pH and blood gases to assess the magnitude o f FH-induced metabolic acidosis. The HI insult was established by ventilating the lamb with 6 -8 % oxygen and 1 0 % carbon dioxide (supplemented with nitrogen) for 30 min, followed by 5 min of hypotension (MABP < 35 mm Hg) achieved by careful withdrawal of blood. Upon completion of the HI insult, six lambs received an i.v. infusion with a placebo (0.1 N HC1 supplemented with 30 mL of 0.9% NaCl; CONT group), six lambs received low dose NLA (10 mg/kg of NLA with 0.1 N HC1 desolved in 30 mL of 0.9% NaCl; NLA-10 group), and six lambs received high dose NLA (40 mg/kg of NLA with 0.1 N HC1 dissolved in 30 mL of 0.9% NaCl; NLA-40 group). Resuscitation was performed in principle in a way similar to that used routinely in our neonatal intensive unit. Extraambient oxygen was progressively decreased, de pending on the color of the tongue and the arterial blood, and blood gases were determined 2 min after completion of the HI insult; cardiac arrest and hypotension were treated with adren aline (1:10 000) and/or dopamine when appropriate. The blood withdrawn to achieve hypotension was reinfused immediately after the completion of the HI period. Metabolic acidosis was corrected with N aH C 03 (see above).
Statistical analysis. Data are summarized as means ± 1 SD or ± SEM. Differences between pre-HI values and values of MABP and blood gases immediately after completion of the HI (2 min post-HI) were compared with the paired t test. Differ ences between values within the groups during the different time points (pre-HI, 15, 60, 120, and 180 min) were assessed by ANOVA for repeated measurements, and differences be tween values of the three groups at each time point were assessed by one way factorial ANOVA. When a significant difference was found, ANOVA was followed by the Scheffe's procedure. A p value of < 0.05 was considered statistically significant.
RESULTS
Physiologic measurements. There were no differences be tween the three study groups with respect to animal weight or postnatal age. MABP and carotid artery blood flow decreased to extremely low values at the end of the 5-min hypotensive period. Lowest MABP and carotid artery blood flow values (means ± SEM) during this 5-min period did not differ be tween groups [CONT group: 28 ± 2 mm Hg/12 ± 3 mL. min" 1 (pre-HI: 70 ± 8 mL. min-1 ); low dose NLA group: 27 ± 1 mm Hg/13 ± 3 mL. min" 1 (pre-HI: 6 6 ± 4 mL. min" 1); and high dose NLA group: 24 ± 2 ram Hg/11 ± 2 mL.inin" 1 (pre-HI: 62 ± 7 mL. min-1 )]. Table 1 natal period (37). Although not very likely, we cannot exclude the possibility that the experimental instrumentation caused an Although these substances are relatively poorly reactive free oxidative stress leading to liberation o f protein bound iron. radical species themselves, superoxide and nitric oxide are able Finally a short comment should be made on the two different to form peroxynitrite, which can decompose to form the pow-NLA-regimes: one group received low dose NLA (10 mg/kg), erful and cytotoxic oxidants hydroxyl and nitrogen dioxide, the other group received high dose NLA (40 mg/kg). W e aimed These oxidants are highly diffusable and can easily cross the blood-brain barrier to exert their destructive action on brain to determine whether or not partial rather than total nitric oxide synthesis inhibition had a more favorable effect on the redox tissue itself (6 , 28). Peroxynitrite itself is able to initiate lipid status o f blood effluent from the brain after severe hypoxia and peroxidation and react directly with sulfhydryl groups at phys-ischemia. A s already suggested by earlier studies (15-17) , w e iologic pH values (29) . Moreover, superoxide and hydrogen speculated that our low dose NLA regimen could prevent peroxide can be converted into the hydroxyl radical by transi-excessive production of reactive oxygen species and at the tion metal ions, in particular non-protein-bound iron, by the same time allowed a sufficient blood supply to critical regions so-called superoxide-driven Fenton reaction (4), Siesjo (30) of the brain, whereas the high dose regimen prevented adeshowed that lowering of the plasma pH, as occurs during and quate brain perfusion by total inhibition of nitric oxide proafter ischemia, enables transferrin to liberate its iron-inducing due tion with consequent constriction o f the cerebral vascular free radical production, whereas a recent study from our group bed, eventually leading to more production o f reactive oxgen (31) showed that 12 out of 15 severely birth-asphyxiated term species. In a previous report we commented on the pattern of neonates had substantial concentrations o f non-protein-bound electrical cortical brain activity o f the studied animals during iron in their plasma during the first 24 h of life. In addition, the post-HI period. Only in the low dose NLA group electrical nitric oxide also reacts with transition metals (e.g . iron), re-cortical brain activity recovered to pre-HI values, whereas it leasing them from their binding proteins (32). It is conceivable remained significantly lower compared with pre-HI values in the CONT group and the high dose N LA group (38) . In the present study, however, w e did not find consistent differences between the low and high dose NLA groups with respect to the redox status of blood effluent from the brain.
In summary, after a hypoxic and ischemic insult in newborn lambs substantial levels o f non-protein-bound iron were mea sured. Moreover, antioxidative capacity was decreased in this post-HI period as indicated by a decrease in AA/DH A ratio, indicating oxidation of ascorbic acid and decreased «-tocoph erol levels. The abnormal production o f non-protein-bound iron was reduced, and the decrease in AA/DHA ratio and aKocopherol levels was prevented in the NLA-treated lambs. This suggests that inhibition o f nitric oxide may have a benificial effect on the excessive formation o f reactive oxygen upon reperfusion and reoxygenation after hypoxia and ischemia. The present study, however, did not support earlier findings sug gesting that partial rather than complete inhibition of nitric oxide production was superior, because we did not find a difference in results with respect to the redox status between high dose and low dose NLA treatment.
